Background: In addition to allergen-specific IgE (sIgE), allergen-specific IgG4 (sIgG4) antibodies are also involved in the immune response resulting from an allergen exposure. The aim of our study was to analyze sIgE and sIgG4 patterns in the most common allergic disorders: bronchial asthma, upper airway disorders and atopic dermatitis. Methods: In this study a screening analysis of blood serum samples from 673 patients aged from 6 months to 17 years with different allergic entities was performed on microarrays. sIgE and sIgG4 levels to the most common allergens were estimated. Results: sIgE response to most pollen allergens is more strongly associated with respiratory diseases than with atopic dermatitis, while sIgE responses to cat and dog dander are more strongly associated with bronchial asthma than with atopic dermatitis and upper airway disorders such as rhinosinusitis and allergic rhinitis. A lower prevalence of sIgG4 to pollen allergens in cases of atopic dermatitis is observed compared with that in cases of asthma and upper airway disorders. Analyzing all the allergic disorders, one can see that sIgG4 response to inhalant allergens is strongly associated with sensitization to the corresponding allergen. Conclusion: Allergen-specific IgE and IgG4 patterns that are relevant to concrete allergic diseases differ by sIgE and sIgG4 prevalences to defined allergens.
Background
Bronchial asthma, allergic rhinitis and atopic dermatitis are the most common allergic reactions. The pathologies individually and their comorbidities are often diagnosed among many atopic patients in different periods of life [1] . Along with genetics and adverse environmental factors, allergens as triggering factors represent major aspects of the pathogenic pathways for the mentioned entities [2] [3] [4] .
Currently, allergen-specific IgE is considered the only notable serological marker of type 1 hypersensitivity. A number of studies [5, 6] have focused on sIgE responses among children and adults with different allergic pathologies. However, most of the studies have assessed only one particular pathology or only one particular group of allergens [7, 8] .
Allergen-specific IgG, including subclass G4, participates in the development of allergic reactions. The analysis of allergen-specific IgG4 is mainly performed in studies that are related to allergen-specific immunotherapy (ASIT) [9] , and a change in the sIgG4 level is one of the indicators of the efficiency of ASIT, during which allergen tolerance occurs [10] . However, in some cases, similar processes of tolerance induction with the involvement of sIgG4, as a part of the whole pool of allergen-specific IgG, occur among subjects not treated with ASIT [11] . The most representative example is the development of tolerance to food allergens while growing up [12] . However, the sIgG4 response among atopic patients of different age, states and diseases was less studied, and IgG4 antibodies are regarded as minor party in hypersensitivity reaction manifestation because of low serum concentrations.
The aim of our study was to analyze the sIgE and sIgG4 responses to allergens that are most relevant to the chosen allergic pathologies. We determined sIgE and sIgG4 levels in blood serum samples from 673 patients diagnosed with bronchial asthma, upper airway disorders or atopic dermatitis using microarrays with immobilized protein extracts of 31 allergens. Profiles of the groups with different allergic pathologies were defined, and the correlation between sIgE and sIgG4 occurrence was evaluated.
Methods

Participants and samples
Patients from the Filatov Moscow City Pediatric Clinic No. 13 aged from 6 months to 17 years were enrolled in the study (Table 1) . The recruitment was carried out from September, 2016, to September, 2017. Participants chosen for the study had three different diagnosis according to clinical history and medical examination: 1) atopic patients without dermatitis symptoms with lower airway disease or bronchial asthma (145 patients), 2) atopic patients with upper airway disorders (rhinosinusitis and allergic rhinitis) without asthma and dermatitis symptoms (194 patients), 3) participants with atopic dermatitis without symptoms of airway disorders (334 patients) ( Table 1) .
The patients included in groups with airway disorders (bronchial asthma and upper airway disorders) had not demonstrated symptoms of allergic skin reaction for a period of 1 year before the study. The patients in the group with atopic dermatitis had not demonstrated symptoms of allergic airway diseases for a period of 1 year before the study. The children with well controlled and/or well-medicated asthma were not included in the group with atopic dermatitis.
Surplus blood serum samples that remained after routine diagnostic procedures were analyzed. Additional blood draws were not performed. The study was approved by the local ethics committee of the Filatov Moscow City Pediatric Clinic No. 13.
Microarray design and manufacturing
Microarray design and manufacturing technologies were described in full in the previous works [13, 14] . Briefly, the microarray is a matrix of semispherical hydrogel elements (0.1 nl in volume) that contain one of the immobilized allergens: 28 allergen extracts and 3 individual isolated proteins (components of cow milk) (for the list of allergens see Fig. 1 ). The allergens for immobilization were purchased from GREER (Lenoir, NC, USA) and were diluted to working concentrations (from 1 to 5 mg/ ml depending on the allergen) according to the manufacturer's recommendations. The list of allergens includes most common allergens in Central Russia [14] ; this list largerly overlaps with the widespread allergens in Central and Northern Europe.
Concentrations of the allergens were chosen in such a way that the results obtained from the microarrays most accurately coincided with the results obtained by the reference methods (Specific IgE REAST (ALLERG-O-LIQ) and Specific IgG4 ELISA (Dr. Fooke Laboratorien GmbH, Germany)) [14] . The sIgE levels were determined in the range of 0.35-100 IU/ml, and the sIgG4 levels were determined in the range of 100-2500 ng/ml.
Analysis of allergen-specific IgE and IgG4
The analysis of sIgE and sIgG4 on the microarrays includes 4 stages: 1) incubation of the microarray with the serum sample; 2) washing with a washing buffer containing detergent; 3) incubation with the developing antibodies, a mixture of anti-human IgE and anti-human IgG4 antibodies conjugated with Cy5 and Cy3, respectively; 4) washing with a washing buffer containing detergent [14] .
After the analysis, fluorescent signals from the gel pads with immobilized allergens are detected using a microarray analyzer with laser illumination and a device for speckle suppression [15] . Fluorescent signals are calculated by referencing piecewise linear calibration curves constructed on the basis of the signals from the gel pads with immobilized IgE and IgG4 to obtain the sIgE and sIgG4 concentrations in IU/ml and ng/ml, respectively.
Patients were considered sensitized to the allergen if the sIgE level for the allergen exceeded the minimum cutoff of 0.35 IU/ml. Nonsensitized, monosensitized and polysensitized patients were enrolled in the study.
Data evaluation
sIgE prevalence was determined as the ratio of patients who exhibit sIgE above the cutoff of 0.35 IU/ml to the total number of patients in the group of interest. sIgG4 prevalence was determined as the ratio of patients who exhibit sIgG4 above the value of 100 ng/ml to the total number of patients in the group of interest. sIgE prevalence and sIgG4 prevalence were adjusted by age with the average population as a standard [16] using the Epitools package [17] in R [18] . Relationships between allergic sensitization and diseases were analyzed using a logistic regression model. To compare sIgE and sIgG4 prevalences among patients with different diseases, adjusted odds ratios (aORs) and corresponding 95% confidence intervals (CIs) were calculated via multinomial logistic regression analysis with the age and gender as covariates using IBM SPSS Statistics 23.0.0.0.
The statistical significance of the differences in sIgG4 response for sensitized and non-sensitized patients was estimated according to the results of the Fisher's exact test calculated by MedCalc. The differences were considered statistically significant for pairwise comparisons with p < 0.05.
The diagrams were plotted using Microsoft Excel 2010.
Results
In the current study, sIgE and sIgG4 levels of 673 blood serum samples from patients aged from 6 months to Results of the determination of allergen-specific IgE and IgG4 as well as sIgE and sIgG4 prevalence for different allergens in different age groups are presented in Additional file 1. Sensitization rates to each selected allergen, adjusted by age for different patient groups, are presented in Fig. 1 . The most significant differences between sIgE prevalences in different diseases are observed for inhalant allergens. For these allergens, ORs adjusted by age and gender are shown in Table 2 .
Patients with airway disorders (bronchial asthma and upper airway disorders) are mostly sensitized to pollen allergens. Notably, the adjusted sIgE prevalence for most pollen allergens distinguishes less than 10% for the patients with asthma and with upper airway disorders (Fig. 1) . Sensitization to the majority of pollen allergens is more associated with airway diseases than with atopic dermatitis (i.e. aOR is significantly higher than 1, see Table 2 ).
Indoor allergens also have a significant impact, especially the animal epithelium allergens of cat dander and dog dander. sIgE sensitization to these allergens is more common for patients with bronchial asthma than for patients affected by only upper airway disorders or atopic dermatitis (Fig. 1) . For these cases, as shown in Table 2 , when comparing bronchial asthma and upper airway disorders for cat dander aOR = 1.808, 95% CI (1.154;2.833), for dog dander aOR = 2.225, 95% CI (1.365;3.628); when comparing bronchial asthma and atopic dermatitis for cat dander aOR = 2.344, 95% CI (1.461;3.761), for dog dander aOR = 2.401, 95% CI (1.451;3.975).
The adjusted prevalence of sensitization to food allergens of animal origin is higher in asthma and atopic dermatitis patients than in patients with upper airway disorders. However, this difference is most commonly not statistically significant (i.e. 95% CI for aORs contains 1, Table 3 ). Sensitization to a number of plant food allergens (hazelnut, carrot, peach and apple) is observed mostly for patients sensitized to tree pollens. It is strongly influenced by pollen sensitization, because mentioned allergens contain major components homologous to major tree pollen proteins from Bet v1-like family [19, 20] . sIgG4 responses to food allergens are observed in patients with all allergic diseases (Fig. 2) . Among inhalant allergens, the highest adjusted sIgG4 prevalence is observed for the allergens most responsible for sensitization, i.e. detectable sIgE production (birch pollen, alder pollen, cat dander, and dog dander). Figure 3 indicates that detectable sIgG4 levels to inhalant allergens and some plant food allergens are common in sensitized patients with detectable sIgE levels, whereas no reliable difference is observed in rates of patients with sIgG4 to food allergens of animal origin between sensitized and non-sensitized groups.
Significant differences in adjusted sIgG4 prevalence are observed between the groups with atopic dermatitis and with airway disorders for a variety of inhalant (mostly pollen) and food allergens (Tables 2 and 3) .
Discussion
This study is aimed at the sIgE and sIgG4 responses among atopic patients from 6 months to 17 years of age with allergic diseases: bronchial asthma, upper airway disorders or atopic dermatitis. The age range was chosen as 0 to 17 years because it is known that there are noticeable changes in immunoglobulin patterns among allergic patients during this period of life [21, 22] . After the age of 18-20 years the sIgE profiles do not change significantly [23] .
Although genetic predispositions to asthma and upper airway disorders are associated with different genetic polymorphisms, both diseases have common profiles of inflammatory mediators and cell-mediated responses involving eosinophils in the allergic inflammation [24] . Subsequently, the corresponding similarity in the physiological processes affects the prevalence of sIgE to the allergens involved.
For all explored allergens, with few exceptions, namely, cat and dog dander, considerable differences between sIgE profiles for patients with asthma and upper airway disorders are not observed (Fig. 1) . Daniel J. Stoltz et al. [25] reported that increased asthma risk at the age of 6 years is more strongly associated with aORs were calculated using logistic regression analysis with the age and gender as covariates sensitization to dog and cat dander at 1 and 3 years than with the absence of sensitization at younger age. Similar interrelation is not observed for allergic rhinitis; that is why the authors suggested that sensitization to perennial allergens is more closely linked to asthma development. Our investigations are in agreement: sIgE sensitization to cat or dog dander are more strongly associated with asthma then with upper airway disorders (for cat dander -aOR = 1.808, 95% CI (1.154;2.833); for dog danderaOR = 2.225, 95% CI (1.365;3.628)). Our data on sIgE sensitization partly coincides with the results observed among adult population (22- 86 years old) in the study [26] : there were no significant differences in sIgE prevalences between patients with asthma and rhinitis not only for pollen allergens but for cat and dog dander too.
Unlike upper airway disorders, atopic dermatitis and bronchial asthma have a strong connection with food allergens [27, 28] , which agrees with our results: sIgE prevalences for food allergens are higher for these pathologies, though the difference is not statistically significant, probably because of the insufficient sampling size.
As the study has not included healthy controls, we have compared sIgE prevalence in our study with the aORs were calculated using logistic regression analysis with the age and gender as covariates sIgE prevalence in random population from Russian Karelia, that was analyzed in the study of Ruokolainen L et al. [29] (Additional file 2 in Supplementary materials).
From the Additional file 2 one can see that sensitization rate for analyzed inhalant allergens in a random population is lower than normalized sensitization rate in the groups with atopic patients from our study. As the random population from the study of Ruokolainen L et al. included some atopic patients (5,1% with atopic eczema, 1,2% with asthma) we assume that the sensitization rate in the group containing only healthy donors would be even lower, so the mentioned tendency would be correct for the control group of healthy donors too.
In contrast to IgE, the functions of IgG antibodies of different subclasses in the allergic pathologic process are still being discussed. The food-specific IgG response of different subclasses is mostly considered as part of the normal reaction to natural exposure to food products [11, 30] . Food allergens are the most common antigens that lead to the production of sIgG, and its subclass sIgG4 accordingly [31] . The data regarding sIgG4 obtained in our study confirm these findings (Fig. 2) . Previously, we have studied the changes in sIgG4 prevalence among pediatric patients depending on the age and our results showed that the prevalence of sIgG4 to food antigens increases throughout the age [22] . According to a Fig. 2 Age-adjusted sIgG4 prevalences (the rate of patient who exhibit sIgG4 above 100 ng/ml) among the patients diagnosed with bronchial asthma, upper airway disorders (such as rhinosinusitis and rhinitis) or atopic dermatitis number of studies [12, 32] , this increase might be the hallmark of tolerance induction.
Notably, IgG4 represents a small portion of total IgG. Thus, the evolution of IgG in the young population is not associated with the evolution of IgG4 but with the IgG1 subclass, which is the main fraction of IgG [33] . Xinyuan Huang et al. [31] demonstrated that the production of the total IgG specific to inhalant allergens correlates with sensitization to the antigen in question. Schwarz A et al. [30] showed that sIgG to inhalant allergens as well as sIgG4 subclass to a variety of food allergens are observed mostly among sensitized patients at the age of 2 years. In [30] sIgG4 to inhalant allergens was not observed due to the extremely low sIgG4 prevalence to these antigens (< 5%) at the studied age.
The median age of the participants in our study is higher than that in [30] , which corresponds to the increased sIgG4 prevalence in our cohort; it explains noticeable sIgG4 prevalence to inhalant allergens observed in the present experiments. Our study is focused only on sIgG4, however, the present analysis of sIgG4 alone is also of interest because subjects with the prevailing sIgG4 response are usually present along with the subjects with the prevailing sIgG1 response [34] .
In the present study, a significant difference is observed in the rates of patients with sIgG4 response between the groups of sensitized and non-sensitized patients for most inhalant allergens assessed (Fig. 3) . In contrast, significant differences for food allergens that are analogous to the food components in the study [30] (β-lactoglobulin -Bos d5, casein -Bos d8) were not affirmed. This finding can be explained by the evolution of sIgG4 as subjects age.
The observed interrelation of sIgG4 and sIgE responses for inhalant allergens combined with the differences in sIgE profiles between patients with airway disorders and those with atopic dermatitis leads to significant distinctions in the sIgG4 profiles for pollen allergens, for which significant differences in adjusted sIgE prevalence were observed while comparing different allergic diseases (Table 2) .
Due to the positive correlation between the presence of sIgE and significant sIgG4 to inhalant allergens in the serum samples, we assume that lower sensitization rates to inhalant allergens in healthy donors in comparison with atopic patients lead to the lower rates of sIgG4 response to inhalant allergens in the group of healthy population. Similar observation was made by Dubakienė et al. [35] for one of the inhalant allergens, D. pteronyssinus.
Overall, this analysis of sIgE response to inhalant allergens among atopic patients shows that sIgE prevalence to pollen allergens is significantly reduced in patients with atopic dermatitis compared with those with asthma and upper airway disorders. In addition, cat and dog sensitization are more strongly associated with bronchial asthma than with atopic dermatitis and upper airway disorders. The increased sIgG4 response to pollen allergens among patients with respiratory allergic diseases can be considered a consequence of the fact that sIgG4 response is most common among patients with detectable sIgE and of the features of the sIgE profiles for these pathologies, as illustrated by experimental data analysis in our study. Fig. 3 The rate of patients with sIgG4 > 100 ng/ml among sensitized and non-sensitized to each allergen groups of patients. Comparison of proportions by the Fisher exact test is noted by p-values: * -p < 0.05; ** -p < 0.01, *** -p < 0.001
